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Abstract
Usually we assume that the central nervous system preserves temporal sequences. Here we show that moving objects—in the
context of behaviour often dangerous ones—are seen with a shorter latency than stationary (flashed) objects. In addition moving
objects are deblurred. Two mechanisms contribute to this functional specialisation: cue-induced visual focal attention and
metacontrast. Under unnatural conditions these mechanisms lead to an optical illusion first described by Fro¨hlich [Fro¨hlich, F.
W. (1923). U8 ber die Messung der Empfindungszeit. Zeitschrift fu¨r Sinnesphysiologie, 54, 58–78]. © 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction
1.1. History and outline of experiments
Early in this century Fro¨hlich (1923) made a remark-
able observation. A slit of light (Fig. 1) moving rapidly
to the right on a track behind the screen was seen to
appear not at a1 at the left edge of the window in the
screen, but at some distance close to a2 (‘Fro¨hlich
effect’). Fro¨hlich also showed that by placing a second
screen in front of the window so that only a narrow
zone in the left part of the window near alpha 1 (Fig. 1)
could be seen, the slit could be made to appear in a
region where it was formerly invisible. The interpreta-
tion of this paradox has been controversial for decades
(Alpern, 1953).
Recently the Fro¨hlich effect has been interpreted as
the consequence of a temporal error, indicating a delay
in perceiving the onset of a movement (Mu¨sseler &
Aschersleben, 1998). We will show that the Fro¨hlich
effect can be interpreted as the consequence of an
interplay between two different, known phenomena:
cue-induced 6isual focal attention and metacontrast. In
the next paragraph we briefly describe the basic proper-
ties of visual focal attention and metacontrast and their
relationship to each other. We will then develop a
hypothesis of what is to be expected if the concepts of
attention and metacontrast are applied to moving stim-
uli. Finally, experiments with moving stimuli will be
used to validate the hypothesis.
1.2. General properties of 6isual focal attention and
metacontrast
The concept of attention comprises different phe-
nomena. One attentional function is orienting to loca-
tions in visual space (Posner, 1995). When a person is
cued to attend to a location, events that occur at this
location are responded to more rapidly. In addition,
within an area immediately surrounding the cue a so-
called focus of attention is created, in which latency to
perception is reduced. Attentional responses can be
produced by a variety of cues. Two cases have to be
discriminated: in one of them only the information on
location which is mediated by the cue is considered
relevant for creating the focus of attention; the cue’s
physical parameters are irrelevant. In the other case the
physical parameters of the cue modify the parameters
of the focus of attention to a considerable degree. One
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example is the line motion illusion (Hikosaka,
Miyauchi & Shimojo, 1993). When a dot is presented
as a cue and some 50 ms later a line is shown along
with the dot, the line appears to expand gradually to
its full size. This movement illusion results from the
fact that the latency-shortening effect is less pro-
nounced for parts of the object farther away from the
cue. This type of attention has been called ‘bottom
up’ (Steinman, Steinman & Lehmkuhle, 1995), or
‘transient focal attention’ (Nakayama & Mackeben,
1989). The type of attention in which physical
parameters of the cue are irrelevant is called ‘top
down’.
It has been shown that the focus of attention gen-
erated by the dot in the line motion experiment has a
centre-surround organisation, that the diameter of the
focus of attention depends upon the contrast of the
cue and that the focus of attention generated by iso-
luminant cues is weak, narrow and brief (Steinman et
al., 1995; Steinman, Steinman & Lehmkuhle, 1997).
Relevant for the experiments described in this paper
is the ‘bottom up’ type of cue-induced visual focal
attention, in which physical parameters of the cue are
relevant.
We have shown that there is a close relationship
between visual focal attention and metacontrast, but
the two show opposite actions. Focal attention inten-
sifies the perception of an object and reduces its la-
tency of perception, whereas metacontrast diminishes
intensity and prolongs latency (Kirschfeld & Kammer,
1998, 1999). The basic phenomena are illustrated by
means of Fig. 2. Fig. 2A shows what we perceive if a
white square on a dark background is shown for a
short time (25 ms): after a certain delay the square
becomes visible, persists for some time and then fades
away. In order to explain the relatively complicated
interactions between attention and metacontrast, par-
ticular space-time and intensity co-ordinates are intro-
duced in Figure B. Fig. 2Ba illustrates the paradigm
in Fig. 2A: after a delay (red line) the square (spe-
cified as 0) becomes visible, persisting for a period of
time (blue line). The intensity of perception, coded by
the width of the perceived function, declines with
time until the object disappears.
Fig. 2Bb illustrates the phenomenon of cue-induced
6isual focal attention : first a stimulus (at time 1) is
presented as a cue, and after a short delay (50 ms)
the target (stimulus 0) is presented nearby. In this
situation the target is seen: (i) with a shorter delay;
(ii) with higher intensity; and (iii) with longer dura-
tion than when no cue is presented, as illustrated in
Fig. 2Ba. In Fig. 2Bc the phenomenon of metacon-
trast is illustrated: after the presentation of stimulus 0
as target, a second stimulus is presented at time 1 as
a so-called mask. In this situation the target is per-
ceived: (i) with lower intensity; (ii) with increased de-
lay; and (iii) with shortened persistence.
1.3. Predictions for mo6ing objects: attention shortens
latency of perception and metacontrast deblurrs
perception
The phenomena described above have been ob-
served with non-moving stimuli. If cue, target and
mask are all presented one after the other (Fig. 2Bd),
the sequential presentation of stimuli generates appar-
ent motion from left to right. If we apply the rules of
the influence of cue-induced focal attention and of
metacontrast on a target from Fig. 2Bb and c to
these sequentially given stimuli we would expect the
effect shown in Fig. 2Bd, where the target (0) is per-
ceived: (i) with shorter latency; (ii) with higher inten-
sity (both due to cue-induced focal attention); and
(iii) with shorter persistence (due to metacontrast).
The effects are maximal for delays in the range of
30–80 ms (Kirschfeld & Kammer, 1998), and have
not yet been specified closely enough to allow a
quantitative formulation.
On the basis of these phenomena of apparent mo-
tion we are able to predict what will be seen if at a
particular time an object starts to move at high veloc-
ity as illustrated in Fig. 1. Whereas in Fig. 2Ba to d
only the perception of the target (0) is shown, in Fig.
2Be, which simulates the beginning of a continuously
moving object, perception of stimuli 0–4 is indicated
in the figure. Perception of the following stimuli is
not shown. The stimuli 0–4 represent snapshots of
Fig. 1. Original illustration of the ‘Fro¨hlich effect’, first described in
1923. K is a piece of cardboard with a central cut-out window A. S
is a slit in a larger piece of cardboard of the same colour as K. A is
placed behind K and can be moved in the direction shown by the
arrow; light from behind this movable section shines through the slit.
X is a mark on K that is fixated by an observer. When the slit S is
moved fairly rapidly past the window A, the observer does not see a
line appear at the edge a1, as might be expected; instead, the line—or
rather, the leading edge of a somewhat blurred bar—first becomes
visible farther into the window, at about a2. The drawing is from
Rubin (1929).
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Fig. 2. (A) Perception of a flashed (10 ms) square (shown at the left) on a dark background. After some delay (red line) it is perceived and persists
for a certain time (blue line) before it fades away (right). (B) Illustration of several experimental paradigms. (a) illustrates the presentation of a
flashed square and, after a delay (red line), its perception (inverse teardrop figure, intensity of perception coded by its width) and persistence (blue
line). Maximal intensity of perception is indicated by double arrow. (b–e) illustrate special stimulus paradigms as described in the text.
the moving white square taken at times 0, 1, 2, 3 and 4.
As one can derive from a comparison with Fig. 2Bd,
the perception of stimuli 1–4 correspond to the percep-
tion of the target in Fig. 2Bd, because they also are
preceded and followed by one stimulus. In contrast,
perception of stimulus 0 is different: because this stimu-
lus was not preceded by a cue, no focus of attention can
de6elop, so only metacontrast comes into play, and the
perception of stimulus 0 is delayed and more or less
suppressed (cf. Fig. 2Bc). Therefore at the position at
which stimulus 0 had been presented, nothing (or only
a dim square) is seen. This behaviour corresponds to
the Fro¨hlich effect. It becomes immediately obvious
that stimulus (target) 0 can be seen again if stimuli 1–4
are covered as in Fro¨hlich’s modified experiment (slit in
front of the window in Fig. 1 near alpha 1). In this case
stimuli 1–4 cannot suppress the perception of stimulus
0 by metacontrast.
If our interpretation is correct, the perception of a
moving object travelling at sufficient velocity is
modified in the following ways: (i) latency of perception
is reduced; (ii) intensity is increased; (iii) persistence is
shortened (deblurring); and (iv) the object is not seen
immediately when it begins to move, but only after
having travelled for some distance. The aim of this
paper is to verify these predictions experimentally.
2. Methods
2.1. Subjects
Three adults (à 30 years old, ß 35 and 63 years old)
served as observers and gave their informed consent to
the experiments.
2.2. Apparatus
The horizontal movement of an illuminated slit in
Fro¨hlich’s original experiments normally elicits eye
movements, making it difficult to interpret the results.
We minimised eye movements by using not a horizon-
tally moving object but a rotating disk as the stimulus
(Fig. 3), since torsional eye movements are limited to a
few degrees (Carpenter, 1977). The disk (diameter 11.7
cm) could be rotated around a horizontal axis and was
used as a stimulus. Subjects fixated the centre of the
disk from a distance of 35 cm. The disk could be
illuminated either continuously (dc-light) through a
light guide (luminance of the line: 50–100 cd:m2 of the
black background 2–4 cd:m2) or by a strobe flash. A
fast shutter (Uniblitz 325 B, Vincent Ass., Rochester,
NY, USA) allowed the observation time to be con-
trolled. Shutter and flash could be triggered when the
disk was in specified angular positions. A polar co-ordi-
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nate system with cursor (not shown in Fig. 2) was used
to quantify the angular separation between the different
lines seen at the same time (inset Fig. 5).
3. Results
3.1. Fro¨hlich’s experiments repeated with a rotating
disc
In order to reproduce Fro¨hlich’s original observa-
tions we made the following experiments:
(i) The continually illuminated disk is rotated contin-
uously at 1.5 rps, and the shutter is repeatedly opened
at the time t0, when the line on the disk is vertical; it
is kept open for 500 ms. The observer sees a blurred,
rotating line, which first appears at an angle of about
60° away from the vertical in the direction of rotation
and then continues to rotate (Fig. 4Aa). That is, the
line is not perceived as soon as the shutter opens but
only after a certain delay. This result corresponds to
Fro¨hlich’s effect.
(ii) The shutter is opened when the white line is
vertical (a0°), but it is kept open for only 5 ms. The
observer now sees the line in a vertical orientation (Fig.
4Ab). This corresponds to Fro¨hlich’s second experi-
ment (slit in front of the window in Fig. 1 near alpha 1,
see Section 1).
3.1.1. Interpretation
Following the arguments of the hypothesis developed
above the explanation of these results is as follows: the
line is not seen immediately after the shutter opens but
only at 60° (Fig. 4Aa) because it has been suppressed
by metacontrast. If the shutter is opened for only 5 ms
(Fig. 4Ab) the line can be seen because the angular
positions of the line which could induce metacontrast
are occluded by the shutter.
3.2. Are mo6ing objects seen with shorter latency?
Cue-induced visual focal attention shortens the la-
tency to perception (see Section 1.3). If an object moves
with adequate velocity it acts as its own cue and
therefore should be seen with shortened latency. To
show that this is indeed the case, we carried out the
following experiment:
(i) The shutter is open and the light is on continu-
ously, so that the observer sees a continuously rotating
blurred line. At time t0 a flash is triggered. This flash
illuminates the line in the vertical position, at which
position the line is seen. Simultaneously, however, a
blurred line is seen which is shifted by an angle a, as
diagrammed in Fig. 4Ac. In other words, a single ob-
ject— the line— is seen in two different positions at the
same time.
3.2.1. Interpretation
According to the hypothesis developed above this
finding can be explained as follows: The flash set off at
angular position 0° of the line is strong enough to
overcome metacontrast inhibition. The blurred line seen
at the same time is seen at an angular position of
60°. Therefore the delay to perception of the blurred
line is shorter than that of the flashed line. This inter-
pretation seems to be counterintuitive, but the sche-
matic illustration given in Fig. 4B shows that it is
correct: the white line arrives at the angular position
60° some 100 ms after it has passed angular position 0°.
Nevertheless it is perceived at the same time as the
flashed line, which means that the delay to perception
of the blurred line must be shorter than that of the
flashed line.
3.3. Latency to perception shortens as a function of
6elocity
If the delay of the moving line to perception is indeed
shorter than that of the flashed line, it should be
possible to measure the relationship between delay of
perception and angular velocity of the line. At very low
velocities the delay should be comparable to that of
stationary (flash-illuminated) objects. With increasing
velocities the delay to perception should become
shorter. In order to determine this relationship we
quantified the effect illustrated in Fig. 4Ac as follows:
Fig. 3. View from above of the experimental set-up for investigating
the perception of a moving line. A rotating black disk (DISK,
diameter 11.7 cm) with a white line was used as the stimulus. The
subject fixated the centre of the disk (distance 35 cm, EYE: eye of
observer), which could be illuminated either continuously (dc-light)
through a light guide (LG) or by a strobe flash (FL). A fast shutter
(SH) allowed the observation time to be controlled. Shutter and flash
could be triggered when the disk was in specified angular positions.
Luminance of the line was 50–100 cd:m2, that of the black back-
ground 2–4 cd:m2. A polar co-ordinate system with curser (not
shown in the figure) was used to quantify the angular separation
between different lines seen at the same time (inset Fig. 5). Data are
mean values 9S.D. from three observers (à 30 years old, ß 35 and
63 years old).
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Fig. 4. (A) (a–d) Various experimental conditions for investigating the perception of a rotating white line. Stippled: open time of shutter. The flash
in c indicates time of presentation of the flash as well as the angular position of the line at that time. Units of abscissa indicated in a also apply
to (b–d). (B) Relationship between display and perception of the sharp (flashed) and blurred line in the experiment of Fig. 4Ac. Below ‘Display’
the time and angular position of the flash (sharp line) and dc-illuminated (blurred) line are indicated. An unknown delay has to be assumed
between display of the flash and perception of the sharp and blurred lines. Therefore the abscissa for time in perception starts at x ms. Sharp and
blurred lines are perceived at the same time. This implies that the delay to perception of the moving, blurred line, which is seen at angular position
60°, is some 100 ms shorter than that of the flashed line, seen at angular position 0°: the difference in delay corresponds to the time of 100 ms
the line needs in order to move from angular position 0°–60°.
(i) The disk was illuminated with dc-light, and when
the white line was in a vertical position the flash was
also triggered. At different angular velocities of the disk
the subjects adjusted the polar co-ordinates of a cursor
to measure the angle a (inset Fig. 5A).
Fig. 5A shows the relationship between the angular
separation a of a sharp-flashed line and that of a
blurred line. a increases nonlinearly with angular veloc-
ity. On the plausible assumption that the delay to
perception of the flashed line is always constant, irre-
spective of the angular velocity of the line, we can
derive the delay to perception between flashed and
blurred lines for different angular velocities from the
following relationship: difference in delay(s)a (°):an-
gular velocity (°:s). The difference in delay is given in
Fig. 5B. As can be seen, the difference in delay is 0 at
angular velocities below approximately 0.4 rps (150°),
increases with angular velocity and starts to saturate at
120 ms at an angular velocity of 1 rps. This means that
motion has caused the delay to perception to be short-
ened by more than a tenth of a second! These data are
valid only for luminances (50–100 cd:m2) such as those
used in our experiments.
4. Discussion
4.1. Function of cue-induced 6isual focal attention and
metacontrast for mo6ing objects
According to the concepts developed here the func-
tional consequences of visual focal attention and meta-
contrast masking for moving objects are as follows:
focal visual attention brings about a shortening of the
latency to perception and intensifies the perception,
while metacontrast masking causes ‘deblurring’: a rotat-
ing line appears narrower than it would without meta-
contrast masking. Functionally interpreted, what this
amounts to is that the moving object is seen earlier than
if it were not moving, while blurring is reduced. This
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allows the position of the object to be determined as
accurately and in as short a time as possible. When it is
a matter of responding reliably to rapidly moving ob-
jects, a 100 ms decrease in the time to perception can be
crucial: a tennis ball travelling at 100 km:h covers 3 m
in 100 ms!
4.2. The mechanism which could create cue-induced
focal attention and metacontrast
The mechanism which improves our discernment of
moving objects considerably under particular condi-
tions produces an optical illusion termed the Fro¨hlich
effect.
Investigating population receptive fields in area 17 of
anaesthetised cats, Jancke, Erlhagen, Scho¨ner and
Dinse, (1996) and Erlhagen, Scho¨ner and Dinse (1997)
were able to show that latency of population activity
was significantly shorter for moving squares than for
stationary flashed squares. The physiological mecha-
nisms creating this shortening in delay might be equiva-
lent to those which shorten the delay to perception of
moving objects as shown here by psychophysics.
Fig. 6. Schematic diagram of the processes thought to lead to
shortening of perception and deblurring of moving objects. The figure
illustrates a cross-section of the cortex. The vertical bar (hatched)
represents neurones activated by the moving line. The open arrow
indicates the direction of motion. In front of the population of these
spiking neurones are neurones which are partially depolarised be-
cause of cue-induced visual attention but below the level which leads
to spike activity (subthreshold excitation). If these neurones—be-
cause of the motion of the line—are excited directly (suprathreshold
excitation), they reach the spike threshold with shorter delay than
when stimulation is produced with a flash, i.e. without a moving
stimulus. Behind the neurones activated by the moving line, neurones
become hyperpolarised. Therefore their activity is suppressed and
lasts for a shorter time.
Fig. 5. (A) Angle a (inset) between blurred and flashed line perceived
at time 0 for different angular velocities of the rotating disk. Data are
from three observers, each of whom was tested four times at each
velocity. The points are means of these 12 measurements; bars are
standard error of the mean. (B) Difference in time delay of perception
between flashed line and blurred line, both are considered to be
perceived at the same time. Data calculated from Figure A. The
difference in delays increases with increasing angular velocity.
We collected indirect evidence (Kirschfeld & Kam-
mer, 1998, 1999) supporting view that the mechanisms
creating cue-induced visual focal attention and meta-
contrast are a general depolarisation and hyperpolarisa-
tion, respectively, of larger populations of neurones.
According to this model cortical processes during the
motion of an object can be illustrated as follows (Fig.
6): the moving line leads to spike activity in cortical
projection centres such as V1. Because of visual focal
attention, neurones become depolarised to a certain
extent in front of the moving line. This depolarisation is
not strong enough to trigger spikes (subthreshold exci-
tation). If these partially depolarised neurones are di-
rectly excited by the line because of its motion, their
threshold to perception will be shortened. The neurones
behind those excited by the moving line will be hyper-
polarised due to metacontrast (subthreshold inhibition).
Therefore the persistence of excitation is subdued and
the image of the moving bar appears ‘deblurred’. It is
well known that the function describing the efficiency
of metacontrast masking (if cue and mask have the
same luminosity) is ‘u-shaped’, that is the masking
effect is maximal not when the mask is presented
directly after the cue, but when it is given after a delay
of 50–100 ms (for a review see Breitmeyer, 1984).
Therefore, with a moving object masking does not
become effective immediately but only after some delay
K. Kirschfeld, T. Kammer : Vision Research 39 (1999) 3702–37093708
(as illustrated by the hyperpolarising function represent-
ing metacontrast in Fig. 6). Therefore the detection
thresholds for moving stimuli—at adequate velocities—
are not higher than those for cued, stationary objects.
It seems worthwhile to try dc-recording with extra-
cellular electrodes to determine whether the actual type
of de- and hyperpolarisation can be detected besides
spike activity.
4.3. Relationship to pre6iously published experimental
results
There are several previously published experimental
results that can be interpreted on the basis of the concept
presented here. Nijhawan (1994) performed an experi-
ment similar to that illustrated in Fig. 4Ac. A round
black disk with a diametric slit was rotated at 0.5–0.75
rps. The slit was illuminated from behind, by continuous
light in the middle part of the disk and by flashes near
the periphery. The observer perceives the middle part of
the slit as tilted in the direction of disk rotation with
respect to the parts illuminated by the flashing light; the
angle of this tilt depends on the velocity of rotation of
the disk. Nijhawan found angles a of deviation from 8
to 38°, which is the same order of magnitude we found.
There are, however, two differences which are important
in determining of the mechanism which generates the
deviation between flashed and moving lines:
(i) We have shown that we see the same object twice,
which directly demonstrates that there are two different
ways in which the image of the same object is processed.
In Nijhawan’s experiment two different objects are ob-
served, one moving and the other flashed.
(ii) We have shown that the angle a increases with
increasing angular velocity of the disk. This was also
observed qualitatively by Nijhawan. What is important
for our model, however, is the fact that the delay between
flashed and moving object should approach 0 for low
angular velocities because only the motion shortens the
delay. This is what we show in Fig. 5B. Nijhawan’s data
show too much scatter and do not permit such a
conclusion. On the assumption that the delay to percep-
tion was the same for both parts of the slit, Nijhawan
concluded that the seen position of the moving slit was
extrapolated. But because our stimuli are so similar to his,
we would suggest that in his experiment, as in ours, the
continuously illuminated part of the slit was perceived
with shorter latency and in the correct angular position.
There are two additional experimental results that
argue against the extrapolation hypothesis and show that
the latencies for the perception of the continuously
illuminated and the flash-illuminated line are different.
(i) In the experiment illustrated in Fig. 4Aa the shutter
is opened at time t0; nevertheless, the blurred line is
not seen at a0°, but appears to be at a60°. Because
the disk was not in view until time t0, when a0°,
the movement information needed for an extrapolation
from the past was not yet available when the shutter
opened. The extrapolation hypothesis would thus require
the line to be visible immediately at a0°, but this is not
the case. Instead the blurred line shows the same angular
position at time t0, irrespective of whether the shutter
opened at time 0 or was open all the time (Fig. 4C).
(ii) Another experiment that contradicts the extrapola-
tion hypothesis is illustrated in Fig. 4Ad. While the
subject observes a rotating line under continuous illumi-
nation, hence perceiving it as blurred, the shutter is closed
for 5 ms beginning at t90 ms (when the line on the disk
is almost at a60°); the result is that a dark line appears
within the blurred line. This result shows that the
perceived blurred line is in the same angular position as
the line on the disk at that moment, i.e. that the perceived
image is not mentally produced by extrapolation.
Baldo and Klein (1995) interpreted a similar result to
be the consequence of a longer delay involved in the visual
processing of flashing dots compared to moving dots.
They hypothesised that some amount of time is required
to bring the flashing dots to a sufficiently high level of
awareness. Their findings can be explained by the model
suggested in this paper.
Nijhawan (1997) described an experiment showing the
6isual decomposition of colour through motion extrapola-
tion. A red target line is flashed briefly at the centre of
a smoothly moving green bar. The moving green bar is
seen ahead of the line at the moment the flash is
perceived, comparable to the situation Fig. 4Ac. The
colour of the flashed red line might be expected to be the
sum of red and greenyellow. (This is what it looks like
if the green bar is stationary). The unexpected finding is
that the flashed line appears to be red meaning that the
colour has been recovered from the sum present in the
physical stimulus on the retina. The interpretation of this
finding has been enigmatic (Cavanagh, 1997). A much
more straightforward interpretation is offered by the
concept developed in this paper: the moving green bar
is seen with shorter latency and therefore at a different
position as the red flashed line. Metacontrast deblurrs the
green bar. Since metacontrast is highly colour-selective
(Kaloudis, Friedman, Vemuri & von der Heydt, 1998),
only the perception of green light is suppressed by the
green bar, leaving the flashed line red.
4.4. Unsol6ed problems
One particular finding described in this paper needs
still discussion: the fact that one and the same rotating
line is seen twice when illuminated by flash and by
constant light (Fig. 4Ac). The interpretation given above
is that we see the flashed line because the flash can
overcome inhibition due to metacontrast. There is,
however, one complication which has to be taken into
account.
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A substantial body of research has established the
existence of several parallel pathways in the visual system
that are selective for different visual attributes. Two major
ones are the M- and P-streams (reviews: Livingstone &
Hubel, 1988; Shapley, 1990). The M-pathway is thought
to be important for high-frequency flicker and motion
information, whereas the P-pathway appears to be impor-
tant for colour, high visual acuity, texture and pattern
recognition.
A different interpretation of the fact that the same
moving line is seen twice when illuminated by dc-light and
flash might therefore be that the flashed line is a
contribution of the slower P-system, whereas the blurred
line is mediated by the faster M-system. Up to now we
are unable to decide which interpretation is correct. The
main purpose of this paper was to show how attention
and metacontrast interact in order to improve vision of
moving objects. For this purpose it is not necessary to
solve the question of which pathway in the visual system
creates the perception of the flashed line. The only
assumption we have to make is that the delay of the flashed
line to perception does not depend upon the angular
velocity of the moving line.
5. Note added in proof
After submission two other papers appeared in which
it was also shown using different methods that latency
difference, not spatial extrapolation, is the origin of
Nijhawan’s illusion:
Purushothaman, G., Patel, S. S., Bedell, H. E., & Ogmen,
H. (1998). Moving ahead through differential visual
latency. Nature 396, 424.
Whitney, D., & Murakami, I. (1998). Latency difference,
not spatial extrapolation. Nature Neuroscience, 1, 656–
657.
In one recent paper it was shown directly by intracel-
lular recordings in cortical neurons that there are sub-
threshold depolarising responses surrounding the
classical discharge field (cf. our Fig. 6):
Bringuier, V., Chavane, F., Glaeser, L., & Fre´gnac, Y.
(1999). Horizontal propagation of visual activity in the
synaptic integration field of area 17 neurons. Science 283,
695–699.
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